The fluorescence of a two-dimensional supramolecular network of 5,10,15,20-tetrakis(4-carboxylphenyl)porphyrin (TCPP) adsorbed on hexagonal boron nitride (hBN) is red-shifted due to, primarily, adsorbateÀsubstrate van der Waals interactions. TCPP is deposited from solution on hBN and forms faceted islands with typical dimensions of 100 nm and either square or hexagonal symmetry. The molecular arrangement is stabilized by in-plane hydrogen bonding as determined by a combination of molecular-resolution atomic force microscopy performed under ambient conditions and density functional theory; a similar structure is observed on MoS 2 and graphite. The fluorescence spectra of submonolayers of TCPP on hBN are red-shifted by ∼30 nm due to the distortion of the molecule arising from van der Waals interactions, in agreement with time-dependent density functional theory calculations. Fluorescence intensity variations are observed due to coherent partial reflections at the hBN interface, implying that such hybrid structures have potential in photonic applications. KEYWORDS: boron nitride . fluorescence . molybdenum disulfide . atomic force microscopy . porphyrin ARTICLE KOROLKOV ET AL.
T here have been great advances over the past decade in the understanding of the interactions that stabilize the two-dimensional organization of organic molecules on surfaces. 1À4 This body of research provides a route to combine chemical functionality with spatial organization at the nanometer scale through the formation of templates and networks stabilized by hydrogen bonding, metal coordination, and/or covalent coupling. 5À16 Many of the advances in the field have arisen from studies of supramolecular arrangements on noble metal or highly oriented pyrolytic graphite (HOPG) surfaces, but it is clear that these substrates have some properties that are not compatible with investigations of the functional properties of the molecular arrays. In particular, the metallic nature of the substrates precludes subsequent investigations of the optical and electrical properties of self-assembled networks, limiting the potential to exploit the control of organization and functionality of the arrays. To extend these studies beyond the conventional choice of substrate, for example to include molecular organization on insulators, requires the use of atomic force microscopy (AFM), which has been used previously to acquire highresolution images of 2D molecular and supramolecular organization under ultra-highvacuum conditions, 17À22 but less widely 23À25 at atmospheric pressure due to the limitations of ambient AFM.
In this paper we combine a high-resolution AFM investigation of the supramolecular organization of the porphyrin derivative 5,10,15,20-tetrakis(4-carboxylphenyl)porphyrin (TCPP) with a study of the fluorescence of the resulting molecular networks. The choice of TCPP is motivated, in part, by the role of porphyrins in naturally occurring light-harvesting complexes, as well as their potential as active materials in optoelectronic and sensing devices, and also since similar derivatives have been B widely studied previously on metallic surfaces. 26À29 The molecules are deposited from solution in an immersion process, and we have investigated the formation of networks on hexagonal boron nitride (hBN), an insulator, and, for comparison, the surfaces of highly oriented pyrolytic graphite and MoS 2 . Using ambient AFM we are able to acquire images with subnanometer resolution, which are used to determine the lateral ordering of adsorbed molecules. Clear peaks are resolved in the fluorescence spectrum for submonolayer coverages of TCPP on hBN. We also observe a significant variation in the emission intensity, which depends on the thickness of the hBN layers due to coherent reflections at the upper and lower surfaces of the exfoliated flakes.
RESULTS
TCPP is deposited on all substrates (hBN, HOPG, and MoS 2 ) from solution (see Methods for details and cleaning procedures). High-resolution AFM images acquired under ambient conditions show TCPP molecules in two distinct phases on hBN, with, respectively, square ( Figure 1aÀc ) and hexagonal ( Figure 1d ) symmetry (a structural model of TCPP is shown in Figure 2 and overlaid on Figure 1 ). In large-area images (Figure 1b ,c) we see islands with typical dimensions of 50À100 nm. Inspection of the molecular arrangement within the two different types of islands reveals a square network assembly with a lattice constant of 2.22 ( 0.07 nm (Figure 1a and b) or a hexagonal arrangement with a period of 4.37 ( 0.07 nm ( Figure 1d ). We have found that the hexagonal arrangement is less stable to AFM imaging; this phase gradually disappears over a time scale of ∼1 day, whereas the square phase remains stable under atmospheric conditions for more than a week. It is also possible to resolve the hBN lattice as shown in the inset in Figure 1b .
The symmetry and period of these molecular arrangements are consistent with simple models based on junctions of two or three carboxylic acids for respectively the square and hexagonal phases, which in both cases are stabilized by hydrogen bonding. Molecular models for each phase are shown in Figure 2 , and the expected dimensions and stabilization energies have in both cases been calculated using gasphase density functional theory including dispersion corrections (DFT-D; see Supporting Information (SI) for more details). The periodicities derived from the C calculated molecular separations are 2.31 nm (square) and 4.30 nm (hexagonal), very close to our measured values, while the binding energies per carboxylic acid junction are respectively 1.15 and 1.02 eV. This is equivalent to an energy per molecule within the square and hexagonal arrays of 2.30 and 0.68 eV, consistent with our observations that the square phase is more stable. Dispersion effects make a small contribution to the binding within the layer and contribute 0.13 eV/junction for both square and hexagonal lattices. The organizational motif forming the square phase is also present in the planes of molecules embedded in the bulk crystal structure of TCPP 30, 31 in which the reported lateral lattice constant is 2.25 nm, 31 in agreement with our measured values. The trimer junction in the hexagonal phase is similar to that in the "flower" structure formed by trimesic acid and related molecules. 9, 32 In the topographic profile shown in Figure 1 the height of the molecular layers is measured to be 0.26 ( 0.015 nm. This height, and the close agreement between measured and calculated lateral dimensions, provides strong evidence that the molecules are adsorbed with the porphyrin macrocycle approximately parallel to the surface in an arrangement stabilized by hydrogen bonding.
The adsorption energy and geometry of TCPP on hBN has also been calculated using DFT-D. In these calculations the surface was modeled using a finite slab consisting of 80 boron atoms and 80 nitrogen atoms, and the edges were capped with hydrogen. The sub-strateÀmolecule interaction is dominated by van der Waals interactions; the calculated adsorption energy, including dispersion terms, is 4.06 eV/molecule, but in the absence of dispersion forces is much lower, 0.21 eV/molecule (see the SI). In fact the dispersion contribution to the overall binding energy of 4.06 eV is 5.28 eV, while there is an energetic cost due to the distortion of the molecular structure, which is computed to be 0.79 eV; the additional energy cost of 0.42 eV is likely due to the overlap of the electron density of the molecule and the surface. Consequently, the structure of the molecule absorbed on the surface represents a balance between maximizing the dispersion component at the cost of molecular deformation and repulsion between the electron densities. A comparison of the relaxed geometries of TCPP on hBN with and without dispersion (compare Figure 2d and e) shows that the macrocycle has a bowing distortion due to van der Waals interactions, which results in a reduction in the separation of the hBN and the porphyrin ring; this is equal to 0.337 nm (0.422 nm) with (without) dispersion.
The adsorption of a range of organic molecules such as phthalocyanines, perylene derivatives, and porphyrins on an hBN monolayer termination of a metal surface 33À35 has been reported previously; in these studies STM was used as an imaging modality since the molecules were sufficiently strongly coupled to the underlying metallic substrate. Deformation of porphyrin macrocycles has also been observed when related molecules are adsorbed on metal surfaces. 26, 36, 37 The square arrangement of TCPP differs from those previously reported for molecular adsorption on HOPG by Lei et al., 38 who found that scanning tunneling microscopy (STM) could be used to acquire images only when TCPP was coadsorbed with stearic acid. Under those conditions TCPP forms a more closepacked arrangement with a period of 1.83 nm. Yuan et al. 39 observed a similar closed-packed arrangement as well as two other phases on Au(111) in 0.01 M HClO 4 medium, one of which was attributed to a square network with an enclosed TCPP molecule.
In light of these differences we have also investigated the adsorption of TCPP layers, prepared using similar protocols, on HOPG and MoS 2 . We observe the Figure 3 , with the same period, 2.26 ( 0.05 nm, found for hBN. On HOPG we also observe rod-like structures of 30À50 nm in length and 1.5 ( 0.2 nm in height that are attributed to aggregates of nonplanar TCPP molecules. We have not been able to acquire images of this square phase on HOPG using STM, which we attribute to the compromise of the stability of the layers due to the STM tip as suggested previously by Lei et al.; 38 this suggests that AFM may have advantages for the imaging of weakly bound molecular monolayers. Images of TCPP networks have also been acquired following deposition on MoS 2 , a layered semiconductor with a band gap of 1.23 eV that exhibits photovoltaic effects and electroluminescence. 40, 41 The TCPP islands formed on MoS 2 (see Figure 3d ) are very similar to the square phase discussed above for hBN and HOPG with a lattice constant of 2.24 ( 0.05 nm. We are also able to resolve the atomic lattice of the MoS 2 surface using AFM as shown in Figure 3d , inset. Thus, we observe the same square network structure for TCPP molecules on each of these surfaces.
We have investigated the fluorescence of TCPP adsorbed on hBN (no fluorescence was observed from TCPP adsorbed on either the HOPG or MoS 2 surfaces), and in Figure 4 we show spectra for TCPP in solution, adsorbed on hBN, and also on the SiO 2 exposed surface in the areas between exfoliated hBN flakes (an optical image of a typical area is shown in the inset in Figure 4 ). See Methods section for further experimental details.
In each spectrum the characteristic Q-band double peak is observed corresponding to the Q x (0,0) transition (close to 649 ( 1 nm (1.910 ( 0.003 eV) for the ethanolic TCPP solution) with a Q x (0,1) vibronic satellite at 716 ( 1 nm, in good agreement with previous studies. 42, 43 These peaks are red-shifted on SiO 2 and hBN, with the Q x (0,0) peak occurring at 652 ( 1 nm (1.901 ( 0.003 eV) and 679 ( 2.5 nm (1.826 ( 0.007 eV), respectively. Thus, we observe an energy shift for TCPP on hBN of 0.084 ( 0.008 eV as compared with the ethanolic solution, but there is also a pronounced difference, 0.075 ( 0.008 eV, between TCPP adsorbed on hBN and SiO 2 . There are several possible origins of this red-shift, and we consider the effects of intermolecular interactions and molecular deformation induced by moleculeÀsurface interactions.
As discussed above, the porphyrin macrocycle of TCPP is deformed on adsorption on hBN, leading to a ARTICLE bowed geometry. From our calculations it is clear that the bowing arises, at least in part, due to the presence of the aryl side groups, which cannot adopt a coplanar alignment with the porphyrin macrocycle due to steric considerations. Consequently the aryl side groups act analogously to small pedestals raising the plane of the macrocycle above the substrate surface. The resulting small gap allows flexing of the macrocycle due to van der Waals interactions with the surface, leading to the bowing effect. It has been shown that nonplanar conformations of a porphyrin macrocyle lead to redshifts in the Soret and Q-band, and this has been attributed to a destabilization of the highest occupied molecular orbital 44 (HOMO) . Another factor that is known to affect the fluorescence is the orientation of the aryl side groups with respect to the macrocycle, 42 which will also be affected by the presence of the surface. We have therefore used time-dependent density functional theory (TDDFT) to calculate fluorescence transition energies for both adsorbed and gas-phase molecules and to explore the origin of the observed spectral shifts. Note that TDDFT provides a more accurate description of the transition than a simple calculation of the HOMOÀLUMO gap (LUMO is lowest unoccupied molecular orbital) since it includes the response of the electronic structure to the excitedstate configuration. 45 To calculate the fluorescence energy, the molecule is first optimized in the first excited state. This calculation is particularly demanding, and we are limited to a model system comprising a single molecule and the hBN monolayer (see Figure 2 ). The fluorescence energy of TCPP on hBN is calculated to be 1.99 eV (623 nm), which, for this type of calculation, represents very good agreement with the experimental values. The calculated shifts due to adsorption and surface interactions are derived by comparing the relevant transition in the gas phase and adsorbed molecules and summarized in Table 1 (the molecular orbitals associated with this transition are shown in the SI). The shift in fluorescence energy of adsorbed TCPP relative to the gas phase depends critically on dispersion forces (first row in Table 1 ). With dispersion forces included the calculated shift is À0.08 eV, but a much smaller positive shift of þ0.02 eV is calculated in their absence. Thus, the a Transition energies in parentheses correspond to an isolated TCPP molecule with the structure adopted on adsorption on hBN. The transition dipole moment vector lies in the plane of the porphyrin ring and is predominantly along the x-axis, i.e., in the direction of the NÀH groups at the center of the ring (the axes are defined in Figure 2 ).
ARTICLE
F adsorbateÀsubstrate interaction both binds the molecule to the surface and also shifts its energy levels even for an unreactive surface such as hBN.
To deconvolve the influence of molecular distortion on the transition energy, as compared with a direct interaction with the hBN surface, we have also calculated the transition energy for the relaxed molecular geometries in the absence of the surface (included in brackets in the first row of Table 1 ). This shows that the largest contribution (À0.05 eV) to the calculated À0.08 eV shift arises from the intrinsic molecular distortion induced by van der Waals interactions; the additional contribution to the shift arises from interactions with the electron system in the model hBN surface.
The two most distinct changes in the structure observed on adsorption are the distortion of the porphyrin macrocycle and a flattening of the aryl side groups. Our results for the S 1 state (see Table 1 ) show a shift to higher energy of 0.05 eV of the HOMO on inclusion of dispersion, consistent with previous reports 44 of the destabilization of the HOMO for nonplanar conformations. Our calculations also show a decrease in energy of the LUMO, resulting in an overall red-shift. The orientation of the aryl groups, as measured by their average angle with respect to the plane of the porphyrin core, is about 9°smaller for the structure optimized with dispersion (see Table 1 ); aryl group rotation has been demonstrated in previous studies to give rise to a red-shift. 42 We have also undertaken simulations of tetraphenylporphyrin (TPP), an analogous molecule in which the carboxylic acid groups are not present. These were performed to ensure that the calculations are not dominated by model-driven interactions between the carboxylic acids and the simulated hBN surface. Calculated structures of TPP on hBN also exhibit macrocycle distortion, with a shift in the fluorescence energy of À0.12 eV, similar to the value for TCPP (see the SI). The absorption and fluorescence energies for TCPP and TPP both on and off the surface are also included in the SI.
In addition to the shifts arising from changes in molecular conformation and the moleculeÀsubstrate interaction as discussed above, there are several other possible effects that might lead to a shift in the peak position. These are due to interactions between nearest neighbor TCPP molecules (our simulations treat an isolated molecule on hBN), which may be categorized as either resonant or nonresonant. The resonant shifts arise from the coupling of the transition dipole moment, μ TDM , of neighboring molecules and have a typical energy scale of μ TDM 2 /4πε o r 3 where r is the separation of dipoles. 46À49 Using the calculated value for μ TDM ≈ 4 D (see Table 1 ) gives an energy scale of ∼1 Â 10 À3 eV; taking into account the geometry and number of nearest neighbors leads to an estimate of a shift of ∼2 Â 10 À3 eV, showing that this effect is small compared to the observed effect. This value is lower than that predicted by Vlaming et al. 50 for porphyrin chains due, in part, to the lower value of dipole moment used here. There is also a possible nonresonant shift due to intermolecular interactions, which we have attempted to capture by calculating the S 1 r S 0 transition energy of a gas-phase TCPP hydrogenbonded dimer (see the SI). The calculated shift is less than 10 À3 eV, and, even noting that there are four nearest neighbors, this shows that nonresonant effects may be neglected; this result for a dimer also shows that the formation of hydrogen bonds does not have an intrinsic effect on the transition energy of TCPP.
Overall the largest contribution to the calculated shift is due to variations in the electronic structure induced by the molecular deformation arising from the van der Waals moleculeÀsubstrate interaction, 0.08 eV.
We have so far neglected a possible chromatic shift between the gas phase of TCPP, for which experimental data are not available, and the solution phase, which serves as a reference for our measured data. However, we note that the fluorescence excitation spectrum of TPP (analogous to TCPP but with phenyl rather than carboxyphenyl side groups) in He droplets has been reported 51, 52 to have a peak at ∼640 nm, which is redshifted to 648 nm in TPP solutions. 42 Noting that the fluorescence and absorption peak wavelengths of TCPP and TPP are very similar, we anticipate a similar red-shift for TCPP, which corresponds to an energy of ∼0.02 eV. Inclusion of this additional correction gives an overall predicted red-shift of 0.06 eV, which, given the simplicity of our model, represents good agreement with our measured value of 0.084 ( 0.008 eV, and we therefore identify van der Waals-induced deformation as the primary source of the observed shift.
We also highlight an interesting apparent dependence of the fluorescence intensity on the thickness of hBN flakes. The intensity is shown in the inset to Figure 4 as measured for both the green (532 nm) and red (660 nm) excitation laser, and we observe a maximum (minimum) for the green (red) laser for an hBN thickness of ∼100 nm with a variation in intensity of a factor of ∼10. This is a thin film effect arising from the coherent reflection of the excitation laser at the top hBN surface and the Si/SiO 2 interface, highlighting the planarity of the hBN flakes. For a 300 nm SiO 2 thickness, as used here, we would expect constructive interference of incident light when the hBN thickness, t BN , is 106 nm for an exciting wavelength, λ, of 532 nm. For this thickness an enhanced electric field intensity of the incident radiation at the hBN surface is expected, leading to an increase in fluorescence intensity; this value is close to the thickness where the observed maximum occurs. For λ = 660 nm a minimum in intensity is expected for t BN = 104 nm, the thickness where destructive interference is expected. The relevant ARTICLE G equations are included in the SI together with additional results for hBN flakes on a Si substrate without an intentionally grown oxide. These results highlight the highly parallel alignment of the upper and lower hBN interfaces.
CONCLUSIONS
The integration of two-dimensional supramolecular arrays with layered materials and their characterization at the molecular scale offers significant prospects for future research directions. From a fundamental perspective the ability, realized through high-resolution atomic force microscopy, to correlate fluorescence spectra of adsorbed monolayers and submonolayers of organic molecules with specific details of conformation and molecular organization allows a systematic study of the interdependence of structural and optical properties, for example, the "gas-crystal shift", 53 at the microscopic level. In the example considered here, hydrogen bonding is exploited to steer porphyrin dye molecules toward a stable planar arrangement in which their fluorescence spectrum is strongly modified by the substrate and their intermolecular spacing is controlled. Note also that in this configuration the transition dipole moments of the molecules are parallel to the substrate surface, which, combined with the overall two-dimensional assembly, is optimal for interactions with the electromagnetic field of the simple photonic structure formed by the hBN flake.
The hydrogen-bonded network formed by TCPP constitutes a relatively simple supramolecular arrangement, and the demonstration that hBN supports the formation of two-dimensional adlayers deposited from solution and the investigation of their optical properties raise many possibilities for the marriage of the exquisite control of structural organization, which has previously been demonstrated for supramolecular adlayers on conducting surfaces, with the control of fluorescence and its exploitation in chemically responsive optical components. More specifically supramolecular organization can be used to transform local molecular arrangements on surfaces, and thus influence the fluorescence properties through changes in dielectric environment. In addition fluorescence shifts could be used to detect the introduction of guest molecules within supramolecular arrays, providing a readout for engineered molecular recognition processes. In addition, the compatibility of hBN with layered semiconductors and semimetals provides many interesting possible research directions for hybrid nanostructures in which molecular layers are combined with these new materials for exploitation as photonic and sensing devices.
METHODS
The hBN substrates are prepared by exfoliating flakes from single crystals using Scotch tape as previously reported. 54, 55 The exfoliated flakes have typical lateral dimensions of 20À100 μm and thicknesses in the range 20À100 nm and are transferred to a SiO 2 surface (a layer of thickness 300 nm grown thermally on a Si substrate) and subsequently cleaned by heating to 350À 400°C in a stream of Ar/H 2 (95:5) for ∼4 h or by flame annealing using a butane torch in a procedure similar to that widely used to prepare Au(111) surfaces. TCPP is synthesized using published procedures, 56 and molecules are deposited on all substrates (hBN, HOPG, and MoS 2 ) by immersion in solutions of TCPP in either ethanol (EtOH; 13 μM) or dimethylformamide (DMF; 140 μM) for 10À300 s. These relative short immersion times were chosen to avoid the formation of multilayers and substantial coverage with molecules adsorbed in a nonplanar three-dimensional configuration, which occur for longer exposure. All samples were dried in a N 2 stream for about 1 min to remove excess solvent. Fluorescence spectra are acquired using a Horiba LABRAM confocal microscope/spectrometer fitted with two laser sources with wavelengths 532 nm (green) and 660 nm (red) to excite fluorescence. Spectra were acquired from individual flakes using a 50Â objective corresponding to spot sizes of 1.1 and 1.7 μm 2 and powers of 4.0 and 1.5 μW for green and red lasers, respectively. In each neutral density filters were used to reduce the incident intensity to the specified level, and the fluorescent radiation was passed through a notch filter matched to the exciting wavelength.
